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The magnetic properties of the new phase (Cr0.5Mn0.5)2AuC are compared to the
known MAX-phase (Cr0.5Mn0.5)2GaC, where the former was synthesized by ther-
mally induced substitution reaction of Au for Ga in (Cr0.5Mn0.5)2GaC. The reaction
introduced a lattice expansion of∼3% along the c-axis, an enhancement of the coercive
field from 30 mT to 140 mT, and a reduction of the Curie temperature and the satura-
tion magnetization. Still, (Cr0.5Mn0.5)2AuC displays similar features in the magnetic
field- and temperature-dependent magnetization curves as previously reported mag-
netic MAX phases, e.g., (Cr0.5Mn0.5)2GaC and (Mo0.5Mn0.5)2GaC. The work suggests
a pathway for tuning the magnetic properties of MAX phases. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5006304

The MAX phases are a group of nanolaminated crystalline phases with a general chemical
formula, Mn+1AXn, where M is an early transition metal, A is an element from groups 12–16, X is
C or N, and n = 1–3. Structurally, the MAX phases can be seen as Mn+1Xn slabs interleaved by A
monolayers along the c-axis of a hexagonal lattice, which warrants a unique combination of metallic
and ceramic properties, such as good electrical and thermal conductivity plus high thermal shock
tolerance and oxidation resistance.1–5

The inherently nanolaminated structure and the structural anisotropy have spurred interest in
attainable magnetic properties and fundamentals thereof. So far, studies of magnetic MAX phases
in bulk as well as thin film form have been focused primarily on M = Cr and/or Mn, e.g., Cr2AC,6

Cr2GaN,7 Mn2GaC,8 and particular solid solutions (Cr1�xMnx)2AC where A = Al, Ga, and Ge,9–13

(Mo1�xMnx)2GaC,14 and (V1-xMnx)3GaC2.15 Experimental studies have also been done on attaining
magnetic MAX phases by alloying Fe on the M sites16,17 or the A sites.18 For a more comprehensive
summary, please see the review in Ref. 19. Theoretical first principles calculations have also been
performed, including evaluation of phase stability as well as magnetic ordering and spin configura-
tions; see, e.g., Refs. 12, 20, and 21. For the solid solution (Cr1�xMnx)2AC (A = Al, Ga, and Ge), it has
been shown that the saturation magnetization and the transition temperature can be increased with
a higher amount of Mn incorporated in the structure. Furthermore, evaluation of magnetization data
suggests competing interaction between antiferromagnetic (AFM) and ferromagnetic (FM) states and
non-collinear spin configurations.8,22
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Although both experimental and theoretical studies have been performed on the magnetic prop-
erties of (M1�xMnx)2AC phases where M = Cr, Mo, and V, understanding of the effect of exchanging
the A element on the magnetization is very limited. This is at least in part due to the challenge of
attaining MAX phase samples of high structural quality and equivalent M element composition for
a given set of A elements.19

Recently, several new MAX phase and related nanolaminated carbides have been reported, such
as Ti3AuC2, Ti3Au2C2, Mo2AuC, and Mo2Au2C, synthesized by solid state reaction between the Au
capping layers and the underlying nanolaminated carbide thin films (e.g., Ti3SiC2 and Mo2Ga2C)
at elevated temperature.23–25 After the annealing, the interplanar spacing of the carbides expanded
along the c-axis (denoted as out-of-plane direction in the following discussion). Substitution of Si,
Al, and Ga by Au was observed using scanning transmission electron microscopy (STEM), where the
chemical analysis showed the possibility of both partial substitution and full substitution.23–25 Along
with the discovery of a new A element and additional members of the MAX phase family, it was
also shown that the Ti3Au2C2 phase can further react with an Ir capping layer, forming yet another
nanolaminated phase, Ti3IrC2. This points towards a fully reversible intercalation of Au in the MAX
phase, with Au diffusing in and out of the A layer without any substantial change of the metal carbide,
e.g., Ti3C2, layers. This reaction is different to other reported solid state reactions involving MAX
phases, e.g., Ti3SiC2 reacting with Cu,26 Al,27,28 or cryolite,29 for which the nanolaminated structure
disappears after the reaction, and different from reactions with Cu and Ag, which indicate partial
substitution of Cu and Ag for both M and A elements.30,31 A substitutional reaction involving an
Fe + Au alloy has also been used to introduce Fe into the MAX phase A-layer.18

Here, we report on synthesis and characterization of a novel magnetic MAX phase,
(Cr0.5Mn0.5)2AuC obtained from the substitutional solid state reaction between a (Cr0.5Mn0.5)2GaC
thin film and an Au-capping layer. The discovery of the (Cr0.5Mn0.5)2AuC phase is not only a new
material, but more importantly it provides a direct method for modifying the magnetic properties of
inherently nanolaminated carbides with different A elements.

The (Cr0.5Mn0.5)2GaC thin film was prepared by direct-current magnetron sputtering (DCMS)
from a Cr0.5Mn0.5 compound target (99.95% purity, Ø ≈ 7.6 cm) and two elemental targets Ga
(99.9999% purity, Ø ≈ 5.1 cm) and C (99.99% purity, Ø ≈ 7.6 cm), onto an Al2O3(0001) substrate.
The deposition was carried out in a deposition chamber filled with Ar up to ∼0.60 Pa, with a base
pressure below 7 × 10�7 Pa. Details of the synthesis procedure and materials optimization can be
found in Refs. 11 and 32 and of the process development for sputtering from liquid Ga targets can
be found in Ref. 33.

The as-grown (Cr0.5Mn0.5)2GaC thin film, of a thickness of∼90 nm, was capped with an∼500 nm
Au layer by DCMS from an elemental Au target (99.99% purity, Ø ≈ 5.1 cm) in a separate deposition
system with a base pressure of ∼1 × 10�8 Pa. The target-to-substrate distance was about 20 cm,
and the target was tilted ∼20◦ away from the substrate normal (multiple target configuration). No
substrate heating or rotation was applied during the deposition. Prior to the deposition, the as-grown
sample was etched in buffered HF [NH3F (25 g) + H2O (50 ml) + HF (10 ml)] for 5 s to remove
residual oxides, then thoroughly rinsed with distilled water, blow-dried with N2, and immediately
inserted into the Au deposition system.

For annealing, the Au-capped sample was placed in a horizontal quartz tube inserted in a cylin-
drical furnace. The furnace was heated up to 400 ◦C at a ramping rate of ∼18 ◦C/min and kept at
that temperature for 12 h before cooling. To prevent oxidation, nitrogen gas was flowing through the
quartz tube during the annealing.

Phase composition and lattice parameters of the samples were identified from X-ray diffraction
(XRD) patterns, acquired by a Philips PW 1820 diffractometer, using Cu Kα radiation. Structural
and chemical analysis was carried out by high-resolution STEM high angle annular dark field
(HRSTEM-HAADF) imaging and STEM affiliated energy dispersive X-ray (EDX) spectroscopy
within Linköping’s double Cs corrected FEI Titan3 60-300 microscope operated at 300 kV. HRSTEM-
HAADF imaging was performed using 21.5 mrad probe convergence angle, while STEM-EDX was
recorded with the embedded high sensitivity Super-X EDX detector.

The magnetic properties of the films were examined in magnetic fields up to ±9 T and at variable
temperatures using a vibrating sample magnetometer (VSM) in a Quantum Design DynaCool Physical
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Property Measurement System (PPMS). The fields were applied parallel to the film plane. The
diamagnetic contribution of the Al2O3(0001) substrate is already subtracted in all magnetic hysteresis
loops shown in the following figures.

It should be stressed that the as-grown sample and the capped/annealed sample originate from
the same sample being split in two parts. Hence, the deposition conditions are the same, and the initial
Cr/Mn ratio for the two samples is identical.

Figure 1 shows the XRD pattern of the as-grown and the capped/annealed (Cr0.5Mn0.5)2GaC thin
film. In the as-grown sample, the 000l diffraction peaks of the (Cr0.5Mn0.5)2GaC phase are labelled
with dashed lines, with two additional peaks at ∼35.7◦ and 41.8◦ identified as the non-basal plane
diffraction 101̄0 and 101̄3, respectively, originating from tilted (Cr0.5Mn0.5)2GaC grains. When we
simulate the powder XRD pattern, the 101̄3, 101̄0, and 0006 peaks of the (Cr0.5Mn0.5)2GaC phase
have the strongest relative intensity, 100.0%, 21.2%, and 18.0%, respectively. Hence, we can conclude
that the tilted grains have considerably smaller volume compared to the [000l]-oriented grains in our
as-grown sample, as both the peak intensity and the integrated peak area of the 101̄3 and 101̄0 peaks
are significantly smaller than those of the 0006 peak. In addition, despite the presence of the tilted
grains, the [000l]-oriented grains are epitaxial with respect to the Al2O3(0001) substrate and of high
crystal quality, as reported previously.11

After annealing, the 000l diffraction peaks of the capped (Cr0.5Mn0.5)2GaC phase are shifted to
lower diffraction angles. This observation is similar to previously reported Ga substitution by Au in
the Mo2GaC phase,25 indicating the formation of Mo2AuC with an expansion in the c-axis (the [000l]
direction). We therefore assign the shifted peaks to 000l diffraction peaks of the new nanolaminated
phase, (Cr0.5Mn0.5)2AuC, formed by substituting the Ga atoms in the A layers by Au atoms. The
corresponding lattice parameter along the c-axis can be determined from the 000l diffraction data to
be ∼12.92 Å, compared to ∼12.54 Å of the original (Cr0.5Mn0.5)2GaC phase. The c lattice expansion
parallel to the film normal is consequently +3.03%.

The thin film diffraction peaks are found broadened in the annealed sample compared to the
as-grown sample, indicating a reduced coherency in the crystals. This is likely due to in- and out-
ward diffusion through defects of the as-grown crystal, e.g., grain boundaries, which may introduce
additional strain and defects along the diffusion path. Introducing comparatively larger Au atoms on
the original Ga sites can also strain the nanolaminated crystal.

HAADF-STEM images along the [112̄0] zone axes are shown in Fig. 2(a) for (Cr0.5Mn0.5)2GaC
and (Cr0.5Mn0.5)2AuC, including a schematic in the top left. In the left image, the Ga atoms in the
A layers of the (Cr0.5Mn0.5)2GaC MAX phase have a brighter contrast compared to the Cr and Mn
atoms. In between the A layers, there are M2C layers based on Mn, Cr, and C atoms though with

FIG. 1. XRD pattern of the as-grown and the Au-capped/annealed (Cr0.5Mn0.5)2GaC thin film. The inset shows the expanded
view of the region between 2θ = 12.5◦–15.0◦ of the same XRD pattern. Notice that the intensity of the annealed sample has
been multiplied by 100 to avoid overlapping. The peak positions of the (Cr0.5Mn0.5)2GaC and (Cr0.5Mn0.5)2AuC phases are
labelled with dashed and solid lines, respectively.
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FIG. 2. (a) HAADF-STEM images of (Cr0.5Mn0.5)2GaC and (Cr0.5Mn0.5)2AuC, acquired along [112̄0] zone axes, with M
and A atoms schematically highlighted in the upper left of each image. (b) EDX spectra acquired from (Cr0.5Mn0.5)2GaC and
(Cr0.5Mn0.5)2AuC crystals.

C hardly visible due to low contrast. In the right image, the high Z number of the Au atoms in
(Cr0.5Mn0.5)2AuC gives a bright contrast compared to the M2C layers as well as to the Ga layers in
the as-grown sample.

TEM-EDX spectra acquired from the (Cr0.5Mn0.5)2GaC and (Cr0.5Mn0.5)2AuC crystals are
shown in Fig. 2(b), with labelled X-ray emission lines from the film forming elements (Cr, Mn,
Ga, and Au). Note that the spectrum for (Cr0.5Mn0.5)2GaC was acquired prior to the Au deposition.
Additional peaks originate from the sample holder and the substrate (Ti, Cu, and Al).34,35 The relative
intensity between the M elements, i.e., Cr and Mn, is identical within the instrumental error between
the two phases and therefore, as expected, the Cr/Mn ratio is close to 1.11

For analysis of the A elements, it is shown that the Ga signal from the (Cr0.5Mn0.5)2AuC crystal
is highly reduced as compared to the (Cr0.5Mn0.5)2GaC crystal, while the Au signal can be clearly
identified. This suggests a nearly complete Ga substitution by Au atoms in the A layers, as observed
in Fig. 2(a). The residual Ga signal, however, can still be detected in the (Cr0.5Mn0.5)2AuC crystal,
similarly to the previously reported Mo2AuC phase formed by annealing of an Au-capped Mo2GaC
thin film.25 Still, the intensity of the Ga signal is on the level of other non-film-forming impurities,
e.g., Al, likely originating from sample preparation. Excess Ga likely diffuses to the surface to form
oxides, similar to observations made for Si and Al.23,24

Figure 3 presents the zero field cooled (ZFC) and field cooled (FC) temperature-dependent
magnetization M(T ) of the (Cr0.5Mn0.5)2GaC and (Cr0.5Mn0.5)2AuC thin films. Both samples were

FIG. 3. ZFC-FC curves for (Cr0.5Mn0.5)2GaC (black) and (Cr0.5Mn0.5)2AuC (red) measured in 10 mT applied parallel to the
film surface. Note the different scales.
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FIG. 4. Magnetic hysteresis loops of (Cr0.5Mn0.5)2GaC (black) and (Cr0.5Mn0.5)2AuC (red) films measured at T = 5 K with
the magnetic field applied in-plane. The inset shows an enlarged view at low magnetic fields.

measured under identical conditions after ZFC and FC in a magnetic field of 10 mT, applied par-
allel to the film plane. Note the different scale bars of magnetization for the two samples. The
ZFC-FC curve of (Cr0.5Mn0.5)2GaC shows similar behavior as for (Mo0.5Mn0.5)2GaC.36 A decrease
of magnetization (Fig. 3) with increasing temperature is the result of the transition to a paramag-
netic (PM) state at the critical temperature (TC) above 220 K.22 The split of the ZFC and the FC
curves, as well as the non-monotonous temperature dependence of the ZFC curve in Fig. 3, is evi-
dent for (Cr0.5Mn0.5)2GaC and remains in the (Cr0.5Mn0.5)2AuC sample, but at lower temperatures.
As expected from the structural analysis, we only obtain single magnetic phase behavior in both
samples.

It is clear that substitution of Au for Ga leads to a reduced Curie temperature TC ∼ 100 K
and a strongly reduced magnetization. Figure 4 presents the magnetic hysteresis loops for the two
systems recorded at T = 5 K. While the saturation magnetization µ0MS of (Cr0.5Mn0.5)2GaC is 0.3 T,
(Cr0.5Mn0.5)2AuC has a strongly reduced µ0MS of 0.13 T. The structural and magnetic parameters
for both systems are summarized in Table I.

The “S-shaped” character of the hysteresis loops with comparatively small remanence and
high saturation fields is a common feature among (Cr0.5Mn0.5)2GaC, (Mo0.5Mn0.5)2GaC, and
(Cr0.5Mn0.5)2AuC MAX-phase compounds.11,14,36 This implies similar complex magnetization
behavior in all three quaternaries. The reduced ordering temperature of the (Cr0.5Mn0.5)2AuC sug-
gests that Au, separating the (Mn,Cr)2C slabs, weakens the exchange interaction energy across the A
layer.

The significant enhancement of the coercive field from 30 mT to 140 mT by substituting Ga for
Au (Table I) can be understood as a result of enhanced magnetocrystalline anisotropy energy (MAE)
density.22 Hybridization at interfaces of 3d metals (and their alloys) and Au in metallic multilayers
usually leads to induction or enhancement of MAE.37,38 From this perspective, one can expect that
hybridization of Mn(Cr) with Au in atomically layered MAX phases may lead to larger MAE and,
as a result, to an increase in µ0HC . However, experiments for quantifying the MAE are beyond the
scope of this letter.

TABLE I. Structural and magnetic data of the (Cr0.5Mn0.5)2GaC and (Cr0.5Mn0.5)2AuC films.

µ0MS (T) µ0HC (mT)

Sample c (Å) TC (K) T = 5 K

(Cr0.5Mn0.5)2GaC ∼12.54 ∼220 0.3 30
(Cr0.5Mn0.5)2AuC ∼12.92 ∼100 0.13 140
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In summary, we report a comparative study of the magnetic properties between the pre-
viously reported magnetic MAX-phase (Cr0.5Mn0.5)2GaC and the new nanolaminated phase
(Cr0.5Mn0.5)2AuC, where the complete Au-substitution for Ga introduced a lattice expansion of
∼3% along the c-axis. The (Cr0.5Mn0.5)2AuC phase features a significant reduction of the Curie tem-
perature, from ∼220 K to ∼100 K, as well as of the saturation magnetization, from 0.3 T to 0.13 T.
This indicates a weakened spin polarization and exchange interaction between the magnetic M2C
layers compared to (Cr0.5Mn0.5)2GaC. The results suggest that the exchange of, or alloying, the A
elements is a promising path for tuning of the magnetic characteristics of MAX phases.
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